ABSTRACT: The interaction of the rutile TiO 2 (110) surface with tetraethyl orthosilicate (TEOS) in the pressure range from UHV to 1 mbar as well as the TEOS-based chemical vapor deposition of SiO 2 on the TiO 2 (110) surface were monitored in real time using near-ambient pressure X-ray photoelectron spectroscopy. The experimental data and density functional theory calculations confirm the dissociative adsorption of TEOS on the surface already at room temperature. At elevated pressure, the ethoxy species formed in the adsorption process undergoes further surface reactions toward a carboxyl species not observed in the absence of a TEOS gas phase reservoir. Annealing of the adsorption layer leads to the formation of SiO 2 , and an intermediate oxygen species assigned to a mixed titanium/silicon oxide is identified. Atomic force microscopy confirms the morphological changes after silicon oxide formation.
I. INTRODUCTION
Chemical vapor deposition (CVD) and the closely related technique of atomic layer deposition (ALD) are among the most important methods to achieve controlled growth of thin films, in particular, within the semiconductor technology domain. 1 The choice of CVD/ALD parameters has an important impact on the properties of the grown film and influences the film structure, roughness, and optical properties. 2 Since the atomic-scale surface chemistry during growth is of essential importance for the development of these properties, it is fundamental that a true understanding of the surface chemical processes is obtained which goes beyond idealized models.
2 Surface science microscopy and spectroscopy methods, including laboratory-and synchrotron-based electron spectroscopy, can contribute with highly detailed information on surface structure and processes of relevance to CVD and ALD, and, indeed, ex situ (post mortem) surface science characterization has been and is playing an important role in the formulation of growth models (for a few examples, see, e.g., refs 3−7). While such post mortem investigations are very helpful in the determination of the properties of the already grown thin films, they can deliver neither a true identification of species during growth nor an elucidation of the growth kinetics. Moreover, the role of the nature of the support and of potential defects can be assessed to only a limited extent. In situ methods in general and near-ambient pressure X-ray photoelectron spectroscopy (NAPXPS) in particular have the ability for realtime monitoring of the surface chemistry during the growth and can address the shortcomings of post mortem measurements. 8−10 Therefore, these techniques can provide deeper insight into the role of the chosen CVD/ALD parameters, dynamic surface structure, and defects (please note that the term in situ is here used in the surface science rather than CVD/ALD sense: it denotes measurement at reaction conditions rather than measurement in vacuum after performing the CVD/ALD reaction in a reactor directly connected to the characterization chamber).
Here, we use X-ray photoelectron spectroscopy (XPS), NAPXPS, and density functional theory (DFT) to investigate the interaction of tetraethyl orthosilicate (TEOS), an organosilane, with the rutile TiO 2 (110) surface. The studied pressure regime extends from typical ultrahigh vacuum (UHV) pressures in the 10 −9 up to the mbar range of practical importance to real ALD and CVD processes, and the investigated temperatures lie in between room temperature and a CVD-relevant maximum temperature of 810 K. Since the 1960s TEOS has been used as a precursor in the growth of silicon oxide thin films, 11, 12 and the TEOS-based CVD process has practical importance in the micro-and nanoelectronics industry. 13 In the present paper, we target the SiO 2 /TiO 2 interface, a material combination which, e.g., has been suggested to be of interest for intermediate refractive index, 14 superhydrophilic, 15 and photocatalytic 16 materials. The interaction of limited doses of TEOS with a clean TiO 2 (110) surface as well as one onto which water had been predosed has been studied previously in UHV to a very detailed level by Gamble et al. 17 They found that a disordered SiO 2 overlayer is formed upon annealing as the result of dissociative adsorption of TEOS. We draw on this previous study here and find similarities as well as differences in the surface chemistry in UHV and at elevated pressure.
II. EXPERIMENTAL AND THEORETICAL METHODS
The experiments were performed at the NAPXPS end station of the TEMPO beamline at the SOLEIL synchrotron facility in France. 18 The end station consists of a preparation chamber and an analysis chamber with base pressures of 1 × 10 −9 mbar and 5 × 10 −9 mbar, respectively, at the time of the experiment. In addition, the instrument has further chambers for sample transfer and ex situ preparation. The preparation chamber is equipped with a sputter gun and LEED optics employed for surface preparation and basic characterization. The analysis chamber is equipped with a near-ambient pressure SPECS Phoibos 150-NAP electron analyzer, protected from high pressures in the main chamber by a set of differential pumping stages. The nozzle that separates the sample volume of the analysis chamber from the first differential pumping stage of the analyzer has a diameter of 0.3 mm; the working distance between nozzle and sample is around twice the diameter so the path of the photoelectrons through the vapor is minimized and hence the transmission maximized. 8 Thus, samples can be measured in pressures between UHV and around 25 mbar. The detector is a 3D: x, y, t delay line detector. A windowless beamline entrance with three differential pumping stages separates the analysis chamber from the beamline, keeping the pressure at the last optical element in the low 10 −9 mbar regime.
The rutile TiO 2 (110) single crystal of dimensions 10 × 10 × 1 mm 3 was purchased from PI-Kem, England. The crystal was mounted with molybdenum screws and clamps on a sample holder attached with a boroelectric heater. The K-type thermocouple was attached with a clamp on the top of crystal. The crystal was cleaned by several cycles of argon ion sputtering for 10 min at an energy of 1 keV, followed by annealing at 600°C for 10 min. A sharp (1 × 1) low-energy electron diffraction (LEED) pattern was observed from the clean crystal (inset in Figure 1 ). Using XPS it was found that the TiO 2 crystal was somewhat more heavily reduced than reported in previous studies in spite of the fact that the same standard cleaning procedure was applied. 19 The stronger reduction is seen from the low-binding energy shoulder of the Ti 2p 3/2 peak in the spectrum in Figure 1 attributed to Ti 3+ point defects. It seems to be an artifact of the crystal growth. From the spectral intensities of the Ti 4+ and Ti 3+ components of the Ti 2p 3/2 peak we derive an upper limit of 14.3% for the bridging oxygen concentration (see eqs S1 and S2 in the Supporting Information). In the derivation it was assumed that the entire intensity of the Ti 3+ component is due to bridging oxygen vacancies, which certainly is an overestimation, since also subsurface and bulk defects contribute to this component.
The TiO 2 (110) crystal was also affected by a small K contamination. From the K 2p photoemission intensity we estimated the upper limit of this contamination to be 1 K atom per 30 surface unit cells.
TEOS was purchased from Sigma-Aldrich (purity 98%). The TEOS molecules were degassed using several freeze−pump− thaw cycles and dosed through a leak valve attached to the analysis chamber. The C 1s and Si 2p core-level spectra were recorded with photon energy of 390 eV, the O 1s spectra at 650 eV, and the Ti 2p spectra at 560 eV, with a total energy resolution of approximately 0.18, 0.23, and 0.21 eV, respectively. All spectra were calibrated using the Fermi level of a gold foil in good ohmic contact with the TiO 2 crystal. A polynomial-type background was subtracted from all spectra other than the C 1s line, for which a Shirley-type background was removed. Least square fitting of the C 1s spectra was done using Voigt line profiles. The full width at half-maximum (fwhm) of the lines was then calculated using
where LW (0.11) and GW (1.2−1.6 eV) are the Lorentzian and Gaussian FWHMs. In order to avoid the appearance of beam damage-related features in the X-ray photoelectron (XP) spectra, the sample was moved after measurement of each of the two spectra. The moving rate was based on previous experience with TEOS. 21 For a closely related compound, (3-aminopropyl)-triethoxysilane (APTES), with a very similar surface chemistry on TiO 2 (110) as that of TEOS, we have found that irradiation with soft X-rays leads to the conversion of ethoxy to carboxyl surface species, quite in line with irradiation by UV light. 22 It is shown in the Supporting Information that for APTES under similar irradiation conditions as used here for TEOS the pristine spectra can only be observed for around 10 s, if the sample is not moved. TEOS can be expected to behave similarly, which implies that a part of the carboxylic C 1s intensity in Figure 3 probably is due to beam damage. If should be emphasized, though, that the analysis of the APTES data in the Supporting Information ( Figure S1 and accompanying text) shows that a significant fraction of the conversion to a carboxyl species is intrinsic to the surface and not beam-damage-related. Due to the very similar surface chemistry of TEOS we assume the same to be true in the case presented here.
Gas-phase spectra of TEOS were recorded by moving the sample far away from the analyzer nozzle while the TEOS pressure in the chamber was at the vapor pressure limit (∼2 mbar). An instability in the intensity of the beam during the temperature-dependent XPS (TDXPS) measurements caused artificial structure in the spectra series in Figures 8 and 10 , which is visible as sudden jumps in intensity.
The adsorption and dissociation of TEOS on the rutile TiO 2 (110) surface were studied using the VASP (Vienna ab initio simulation package) code 23−26 using the generalized gradient approximation (GGA) with the Perdew-BurkeErnzerhof functional 27, 28 and projector-augmented wave (PAW) potentials. 29, 30 The valence electrons were described using a plane-wave basis set with a cutoff of 400 eV, and a 2 × 2 × 1 Monkhorst−Pack k-points set was used. 31 The surface was represented by a slab made of 4 × 2 unit cells (11.892 × 13.142 Å) and 4 layers (with the atoms of the 2 last layers fixed), and 22 Å of vacuum was added in the z direction to avoid the interaction between the slabs. In order to model surfaces with bridging oxygen vacancies, one bridging oxygen atom was removed from the supercell and thus the system represents a surface with a 12.5% oxygen vacancy concentration, relatively close to experimental conditions. To study TEOS adsorption, one molecule was placed on the slab, which represents a coverage of θ A = 0.125. For the most stable structures of TEOS molecularly and dissociatively adsorbed on TiO 2 , the C 1s XPS spectra were simulated using DFT as implemented in GPAW (grid-based projector-augmented wave method). 32−34 The projector augmented wave method was used with frozen core electrons, and exchange and correlation were estimated by the Perdew−Burke−Ernzerhof (PBE) generalized gradient approximation. Periodic boundary conditions were applied and single point calculations were performed at the Γ point of the Brillouin zone. The ionization potentials (IP) of the 1 s electronic level of each carbon atom were obtained independently, as the energy difference between the ground state and the core excited state (full core), according to the ΔKohn−Sham method. 35 The core−hole setup (similar to a pseudopotential) was created by using a spin-paired atomic calculation with the occupation of the core orbital decreased by one and held fixed. All theoretical IPs were shifted by 5.4 eV to lower energies in order to match the experimental spectra.
III. RESULTS
Gas Phase. For reference, gas phase spectra of TEOS (chemical structure in Figure 2a ) were recorded at the room temperature vapor pressure of TEOS. The C 1s XP spectrum is shown in Figure 2b and exhibits two peaks, which we attribute to the two chemically different kinds of carbon atoms in the compound. These are denoted CH 3 −CH 2 −O-Si/P1′ for the terminal methyl group and CH 3 -CH 2 −O-Si/P2′ (the atoms from which photoemission occurs are underlined) for the oxygen-bonded chain carbon with separation of 1.55 eV, as determined from a least-squares fit using asymmetric Voigt profiles with a fwhm of 1.26 eV. The intensity ratio of the CH 3 −CH 2 −O−Si and CH 3 −CH 2 −O−Si peaks is 1, in accordance with the stoichiometry of the molecule. The calculated XP spectrum for free TEOS molecule exhibits two peaks, one for each type of carbon (CH 3 −CH 2 −O−Si/P1′, CH 3 −CH 2 −O−Si/P2′) with a separation of ∼1.4 eV, which is only 0.15 eV smaller than the experimental energy difference, thus validating the calculations. The theoretical value only slightly underestimates the peak separation found in the experimental spectrum. The Si 2p and O 1s gas phase spectra are shown in Figure 2c found in the C 1s spectrum: a peak at around 285.5 eV, which we label P1, a peak (P2) at around 287.0 eV, and a high binding energy peak (P3) at around 289.3 eV. As in the case of the vapor phase spectra, the two low-binding energy components are assigned to terminal methyl groups (CH 3 −CH 2 −O/P1) and oxygen-bonded (CH 3 −CH 2 −O/P2) carbon atoms, respectively. The spectral weight of these components is 1:0.75 for P1:P2. The separation between the two peaks is 1.46 eV, which is nearly the same as in the gas-phase spectrum in Figure 1 (1.55 eV). The value of the high binding energy component P3, with a spectral weight of 0.25, is in agreement with the formation of a new species. In view of the relatively high binding energy of more than 289 eV, the most likely candidate is a carboxyl species, 37 which is in agreement with the formation of a carboxyl requiring the reaction of a split-off ethoxy ligand with surface oxygen or hydroxyls. As outlined in the Methods section, a fraction of the P3 intensity could be due to photoinduced conversion of ethoxy to carboxyl surface species, i.e., to beam damage. However, since care was taken to obtain spectra at fresh spots, the increase of the intensity cannot be explained by a cumulative beam damage effect, but must be related to the surface chemistry of TEOS on the TiO 2 (110) surface. Worth noting is that the intensity of the CH 3 −CH 2 −O/P1 peak is approximately equal to the sum of the CH 3 −CH 2 −O/P2 and carboxyl/P3 peaks. We will return to this point in the discussion.
Together with the Ti 2p XP spectra, the C 1s spectra allow estimation of the surface coverage θ A and overlayer thickness t for the film grown from TEOS as (cf., ref 38) Here, I C1s and I Ti2p are the C 1s and Ti 2p intensities, respectively, measured after adsorption of TEOS. The overlayer is assumed to be homogeneous with thickness t and the inelastic mean free paths of the TiO 2 crystal and TEOS overlayer are assumed to be identical. a is an estimate of the lateral length of the TEOS molecules (∼0.8 nm calculated from DFT the bond lengths), and ϑ is the photoelectron emission angle with respect to the surface normal (0°for all measurements; i.e., all measurements were carried out in normal emission geometry). I C1s * and I Ti2p * are normalization factors which remove the dependency on the density of the atomic species, subshell photoionization cross section, analyzer and beamline transmission, and the inelastic mean free path at the chosen kinetic energy of the electrons. The ratio is 38, 39 (
], where N is the Ti/C atomic density, σ the subshell photoionization cross section of the measured photoelectron line as tabulated in Yeh and Lindau, 40 T S the kinetic energy- The Journal of Physical Chemistry C Article dependent transmission function of the spectrometer, T B the photon energy-dependent transmission of the beamline, and λ the inelastic mean free path. We find an N C value of 0.22 × 10 23 cm −3 by assuming a thick film of TEOS with density of ∼0.93 g/cm 3 as in the liquid phase 17, 41 and taking into account that one TEOS molecule contains eight carbon atoms. For N Ti we find 0.33 × 10 23 cm −3 from the crystal structure of rutile TiO 2 . Since we used the same settings of the electron energy analyzer (slit and pass energy) and the same kinetic energy in the Ti 2p and C 1s measurements, the analyzer transmission factors cancel out as do the mean free path values. The ratio (T Ti2p B / T C1s B ) of the beamline transmission factors at the employed photon energies of 560 (Ti 2p measurement) and 390 eV (C 1s) was determined to be ∼2 from a measurement of the current on a gold mesh introduced in the beamline in front of the end station. For the 4 min deposition of TEOS we find θ A = 0.28 and t = 2.25 Å, where the surface coverage θ A is defined in terms of the available fivefold-coordinated Ti sites. If we assume that the surface can accommodate one molecule per three surface unit cells, where the unit cell area is ∼19.5 Å 2 , θ A = 0.28 corresponds to approximately 85% of a saturated layer of molecules.
A coverage θ A = 0.125 was used in the DFT calculations of the initial adsorption, which included calculation of the C 1s binding energy shifts. This coverage was chosen on practical grounds, since it allowed the supercell to be kept to a manageable size, while still being comparable to the lowest experimentally studied coverage. Both the molecular and dissociative adsorption on a perfect surface and a surface holding a bridging oxygen vacancy per supercell, i.e., a 12.5% vacancy concentration, were probed in the calculations. The vacancy concentration is in rough agreement with the spectral intensities in Figure 1 , from which we had obtained an upper limit of 14.3% for the bridging oxygen vacancy concentration in Section II.
The middle part of Figure 5 shows the most stable adsorption geometries, in both the absence and the presence of a bridging oxygen vacancy. The adsorption energy for each geometry is indicated. Further, Figure 5a shows a comparison of the experimental C 1s spectra for the initial 4 min deposition of TEOS with the calculated core level shifts. Generally, the lowest binding-energy peak at around 286 eV can be attributed to photoemission from CH 3 −CH 2 −O and the peak at an intermediate binding energy of around 287.2 eV to CH 3 − CH 2 −O. The peak at a higher energy in the experimental XP Figure 2a ). In each, the calculated adsorption energy is also given. It should be noted that a reduction of the total energy by adsorption corresponds to a positive adsorption energy.
The Journal of Physical Chemistry C Article spectrum at approximately 289.2 eV is attributed to a carboxyl species formed after surface reactions. Further surface reactions and thus this particular species have not been taken into account in the calculations, and therefore we will limit here the discussion to the first two peaks of the spectrum. P3 will then be discussed in more detail further below. In all cases the double peak is reproduced, which is because the immediate chemical environment of the photoemitting carbon atoms is not significantly different in the models we have studied. However, the overall shape of the theoretical peaks is very similar in all cases, and it does not allow choosing any of the tested geometries.
Interesting hints come, though, from the computed adsorption energies. It can be seen from Figure 5 that the molecular adsorption of TEOS on both types of surfaces is stable, but only with quite a low adsorption energy (E ads ) of 0.18 and 0.17 eV for the perfect and defect-carrying surface, respectively (Figure 5i and ii). The molecular structure is essentially the same in both cases. A higher adsorption energy is found for dissociative adsorption on the stoichiometric surface (Figures 5iii−iv) . In the calculations, only one dissociation event per moleculei.e., the splitting-off of only one and not of multiple ligandshas been taken into account. The two primary dissociation modes of TEOS are by either C−O or Si− O bond breaking. 21 After C−O bond breaking on the defectfree surface (Figure 5iii ) the terminal oxygen atom in TEOS is bound to one fivefold-coordinated Ti atom with a bond distance of 1.84 Å. A secondary interaction is found between the oxygen atom of a second, intact ethoxy ligand and a fivefold-coordinated Ti substrate atom with an interaction length of 2.39 Å. The −CH 2 CH 3 residual is adsorbed on a bridging oxygen. In the case of Si−O dissociation (Figure 5iv) , the Si atom is bound to a bridging oxygen atom of the surface while the ethoxy is adsorbed on a fivefold-coordinated Ti atom.
The inclusion of an oxygen vacancy in the model results in a further increase of the adsorption energy for dissociative adsorption. After C−O dissociation, the primary residue is adsorbed directly on the vacancy, while the −CH 2 CH 3 fragment is bonded to a bridging oxygen atom. After Si−O bond breaking the dissociated ethoxy group is adsorbed directly onto the vacancy while the main residue is bonded to a bridging oxygen atom. Therefore, these two dissociation modes lead to the same final state, which is depicted in Figure 5v . This is indeed the most stable configuration (E ads = 1.54 V) and especially in the low-coverage regime, where we can assume that most of the molecules will react with defects. We conclude therefore that this structure is the most probable one. However, we cannot elucidate which of the possible dissociation pathways are favored, as we do not have information on the reaction barriers for the different processes.
Adsorption of TEOS on TiO 2 (110): Low Pressure/ Higher Coverage Regime. At a pressure of 5 × 10 −9 mbar, TEOS is seen to continuously accumulate on the surface, cf., the C 1s spectra in Figure 3 (cf., also Figure 5b for a comparison to the calculated core level shifts). The spectra are similar to those obtained at lowest coverage, where three peaks were identified as due to photoemission from the terminal methyl groups (CH 3 −CH 2 −O/P1) at lowest binding energy, oxygen-bonded carbon (CH 3 −CH 2 −O/P2) at intermediate binding energy, and a high binding energy component P3 assigned to a carboxyl as above. Overall, the intensity increases with exposure time, as illustrated in the inset of Figure 3 . Peaks P1 and P2 shift toward higher binding energy, which suggests a somewhat weakened surface bond of the adsorbates in a more densely packed overlayer. There was no significant effect of band bending which is concluded from a comparison of the valence band for 4 and 330 min exposure time. As before, the intensity of the CH 3 −CH 2 −O/P1 peak is approximately equal to the sum of the CH 3 −CH 2 −O/P2 and carboxyl/P3 peak intensities. Nearly the same intensity increase as for the high binding energy peak P3 is seen in the O 1s spectrum in Figure  4 , for which we fitted two components (a substrate peak at ∼530.6 eV binding energy and a surface bonded ethoxy or carboxylic peak at ∼531.9 eV). The difference in energy between the high-energy shoulder and that of the TiO 2 (110) support peak is 1.3 eV, which is smaller than what one would expect for an ethoxy species: our DFT calculations show a shift of around 2.0 to 2.3 eV for an ethoxy adsorbate, and Gamble et al. have previously found a difference of around 2.9 eV. 17 However, the shoulder is very broad and could contain a nonresolved component at ∼532.6, to be assigned to molecular ethoxy species.
Using eqs 2 and 3 with a beamline transmission ratio (T Ti2p B / T C1s B ) ≈ 3 rather than 2 due to the use of another monochromator grating, the final coverage and thickness that were obtained during low-pressure exposure, i.e., at an exposure time of 330 min, were found to be 0.99 and 10 Å. Considering the size of the molecules, these values correspond to roughly 3 full molecular layers, i.e., a trilayer. A shift of the C 1s components to a higher binding energy by 0.11 eV due to the decreased core−hole screening efficiency in the multilayer is consistent with the results of the calculation. The size of the shift is within the expected range. 42, 43 It can be noted from the inset in Figure 3 that the growth does not seem to saturate and that further multilayer growth even at low pressure therefore seems feasible, although it was not probed here.
Adsorption of TEOS on TiO 2 (110): High Pressure/High Coverage Regime. An increase in TEOS pressure up to around 1 mbar does not bring about any drastic change. Figures  6 and 7 show the C 1s and the Si 2p XP spectra taken for pressures between 10 −9 and 1.5 mbar. Initially, up to 10 −1 mbar, gradual shifts toward higher binding energy are observed. The shift in the Si 2p spectrum, which is 0.36 eV in size, is significantly larger than the shift in the C 1s spectrum, which is 0.13 eV. The observation of shifts toward higher binding energy agrees with the formation of a multilayer, although it initially does not grow particularly thick, as is obvious from the only moderate change of the Si 2p and C 1s lines. One can also note that there is a slight change in the peak intensity ratio in disfavor of the high binding energy carboxylic peak. In the high pressure regime around 1 mbar, only the gas-phase lines are visible, which completely suppress the surface signal (Figure 6e and bottom part of Figure 7) .
In contrast to the only moderate growth rate at pressures up to ∼10 −1 mbar, exposure of the sample to an even higher TEOS pressure at 1 mbar leads to the formation of a thick molecular multilayer. This was observed from the attempted measurement of a Ti 2p XP spectrum after 1 mbar exposure. No Ti 2p intensity was observable. In addition, the C 1s spectrum was modified in comparison to the spectra taken before exposure at 1 mbar: the separation between the C 1s CH 3 −CH 2 −O/P1 and CH 3 −CH 2 −O/P2 components increased from 1.46 to ∼1.7 eV, and the intensity ratio between the CH 3 −CH 2 −O/P1 and carboxyl/P3 peaks changed (cf., the C 1s spectrum at 300 K in Figure 8a ).
The Journal of Physical Chemistry C Article SiO 2 Growth by CVD. To study the CVD process, a series of temperature-dependent XPS (TDXPS) experiments were conducted at a TEOS pressure of 2.3 × 10 −4 mbar. During this temperature increase, C 1s and Si 2p XP spectra were collected (Figure 8 ). Clearly, a reduction of intensity is seen for all monitored components. The carboxyl/P3 peak in the C 1s spectrum was the first component to completely disappear, a process which is finished at around 500 K. The other two C 1s components persist until a higher temperature but vanish completely well before the temperature reached 800 K. In contrast, the Si 2p line remains for all temperatures, albeit with a clear reduction in intensity: the C 1s/Si 2p intensity ratio for the multilayer of TEOS at room temperature is 2.17, while it decreases to 0.01 at 800 K. This shows that all ethoxy groups leave the surface, presumably as ethylene and ethanol, 17 but , and P3 to a surface-bonded carboxyl species. The spectra are normalized to their maximum height. (e) Gasphase spectrum of TEOS at 9.4 × 10 −1 mbar (cf., Figure 2b ). (Refer to  Table 1 for binding energies and intensity ratios.) Figure 7 . (a) C 1s and (b) Si 2p spectra measured during exposure of the TiO 2 (110) to the indicated pressures of TEOS. At a pressure of ∼9 × 10 −1 mbar the peak shifts significantly toward higher binding toward the location of the gas-phase peak (in other words, the solid state contribution is dominated by that of the gas phase). The color scale represents the intensity of the peaks. The pressure during the present measurements was 2.3 × 10 −4 mbar. Peak P3 in the C 1s spectra vanishes at around 500 K, while the surface ethoxysilyl peaks remains until 650 K (cf., Figure 13 ). At 800 K, these components also disappear, whereas the Si 2p persists. The color scale gives the intensity.
The Journal of Physical Chemistry C Article probably also in carbonyl form (specifically as acetaldehydes). 44 Acetaldehyde was reported as one of the significant reaction products of ethanol on TiO 2 nanoparticles and single crystal surfaces at temperatures 473 to 610 K. 45−47 The intensity ratio of the Si 2p line at 800 K to that at 300 K is 0.47, which provides a lower limit for the desorption of Si: first ignoring that the Si 2p intensity would be affected positively by the desorption of ligands, the ratio would imply disappearance of nearly half of the ethoxysilyl groups present in the multilayer at 300 K. The factual ratio of desorption must be higher due to the negative influence of the presence of ligands on the Si 2p intensity due to photoelectron attenuation. In any case, it is clear that only silicon in close contact with the surface survives to 800 K. This surviving Si species has a lower Si 2p binding energy with a shift of 0.33 eV with respect to the initial multilayer species (Figure 8b ). This shift is too small to assign to any other suboxides, which usually have shifts of ∼0.8 for Si 3+ and ∼1.5 for Si 2+ . 48 An O 1s spectrum (Figure 9a ) was taken at the end of the first TD-XPS run at 800 K, at which the Si 2p peak was seen to still be present (Figure 8b ). The presence of only Si and O at the surface suggests formation of silicon oxide at this temperature. The binding energy of the SiO 2 -related component in the O 1s XP spectrum is by ∼2.1 eV higher than that of the TiO 2 -component in agreement with literature values. 49−52 After the measurement, the surface was allowed to cool to room temperature and another O 1s spectrum was taken (Figure 9b ). The change in line shape, together with a decrease of the Si 2p:Ti 2p intensity ratio from 1.93 to 3.54, clearly shows adsorption of residual molecules on the surface. Indeed, the pressure remained at 4.0 × 10 −7 mbar. Also, the appearance of the C 1s spectrum measured under these conditions ( Figure S2 in Supporting Information) confirms the presence of chemisorbed molecules at the surface.
The TDXPS experiment was repeated in a second run, this time at lower pressure, 2.3 × 10 −7 mbar. During this second TDXPS run the O 1s and Si 2p lines were recorded and are shown in Figure 10 . Clearly, the TiO 2 -related O 1s peak has a constant binding energy (at ∼530.6 eV), while the adsorption/ reaction-induced peak (around 533 eV) moves down in binding energy by ∼0.4 eV (Figure 10a) . The downward shift of the adsorption/reaction-induced peak is attributed to the dissociation of molecules resulting in the formation of silicon oxide. We can also note the presence of a shoulder in the O 1s spectra at 532.0 eV at intermediate temperature. The Si 2p line is found to shift down in binding energy, in line with the results for the first TDXPS run. Moreover, it is seen to first increase in intensity, in agreement with ligand desorption, but to also lose intensity at higher temperatures. Hence, Si is lost from the sample surface, either by desorption or by bulk migration. Figure 11 compares the final O 1s spectra of the two TDXPS experiments. Clearly, the signal related to the TiO 2 support is reduced in intensity after the second run. In line with the hypothesis of SiO 2 formation, we therefore suggest that additional silicon oxide was formed also in the second TDXPS experiment at lower pressure.
Finally, an AFM image was taken on the crystal after the second TDXPS run and compared to that of a clean TiO 2 (110) crystal (Figure 12) . The measurements were performed in air, Figure 9 . O 1s XP spectra at (a) 800 K and (b) cooled to 300 K after heating the surface to 800 K. The change in intensity ratio is due to the room temperature adsorption of residual gas molecules at a pressure of 4.0 × 10 −7 mbar. which prevented atomic resolution. Clearly, the appearance of the surface was modified quite strongly, in line with the hypothesis of silicon dioxide formation. The typical length of structure observed in a clean TiO 2 (110) surface is 0.18 μm and for silicon oxide grown surface it is 0.65 μm.
IV. DISCUSSION Room Temperature Adsorption. First we note that the present results could have been influenced by the presence of residual water in the preparation chamber of the experimental station and hence the hydroxylation of the TiO 2 (110) surface, since the base pressure in the chamber was 5 × 10 −9 mbar. Hydroxyl groups on the surface do not affect the results in a significant way, since, as already proposed by Gamble and as confirmed by the present results, TEOS adsorbs dissociativelywith the splitting-off of ligands and binding of the ligands to the surface as ethoxy groupson both the hydroxylated and nonhydroxylated TiO 2 (110) surfaces. 17 It is not straightforward to distinguish in the C 1s XP signals from ethoxy ligands that remain bonded to the Si atom upon adsorption of the molecule on the surface and those from ethoxy ligands that are split off by Si−O bond breaking and bind to either the fivefold-coordinated Ti atoms of the surface or bridging oxygen vacancies 17, 53 or even to ethoxy formed via C−O bond breaking with ethyl bonded to bridging oxygen atoms: in all three cases, peaks P1 and P2 are expected in a 1:1 intensity ratio in the C 1s spectrum approximately at the binding energies observed here. It is clear, however, that the adsorption process of TEOS under the present conditions must differ from this simple case: the deviation from the 1:1 intensity ratio of the P1 and P2 peaks seen in Figure 3the intensity ratio is 0.28suggests that a surface reaction beyond pure ligand split-off takes place. This surface reaction should be related to the occurrence of the high-binding energy peak in the C 1s XP spectra with a binding energy typically found for carboxyl species. This hypothesis is substantiated by the finding that the intensity ratio of P1 to the sum of P2 and P3 is 1 for all room-temperature C 1s spectra; hence, any model of room temperature adsorption should contain as an ingredient the preservation of terminal methyl groups, while the nature of the oxygen-bonded carbon is changed in the reaction. These findings can be reconciled when noting that TiO 2 -bonded ethoxy groups can be converted into surface-bonded acetaldehyde and deprotonated acetic acid, with intact terminal methyl groups, by dehydrogenation. 44, 54 Indeed, conversion of surface-bonded ethoxy into carboxyl species has been observed before, but has been said to require illumination by UV light. 22, 55 Closer inspection of the C 1s data in these previous works as well as in a work on ethanol adsorption 56 on TiO 2 (110) suggest the presence of a smaller carboxyl component already before UV irradiation, which is in line with what is reported here.
A possible reaction scheme for the conversion of the ethoxy to carboxyl species is depicted in Figure 13 , for both the stoichiometric TiO 2 (110) surface and that with a bridging oxygen vacancy, which acts as the reaction center. As previously reported, the initial adsorption entails a dissociative adsorption resulting in ethyl and ethoxy groups according to the scheme in Figure 13 . These groups could undergo further dehydrogenation steps when reacting with bridging oxygen atoms and hydroxyls. In Figure 13 it is assumed that no previous water adsorption has taken place, which entails complete absence of surface hydroxyls on both the fivefold-coordinated Ti atoms and the bridging oxygen atoms. Even then, bridging oxygen hydroxyls would be formed by all dehydrogenation pathways, which then could assist in the further dehydrogenation according to the bottom part of the figure. The possible presence of residual water, leading to the creation of hydroxyls on the fivefold-coordinated Ti atoms, would open further reaction pathways, but at the same time it probably would lead to the closure of the pathways involving bridging oxygen vacancies, since it is known that the vacancies are filled by Figure 11 . Comparison of the O 1s XP spectra after first (black) and second (gray) TDXPS experiments. Clearly, the silicon dioxide peak has increased in intensity, which reflects the growth of silicon oxide in the second TD-XPS experiment. The Journal of Physical Chemistry C Article water. In any case, it is clear that pathways exist that lead to the formation of a carboxylate in agreement with the observation of the P3 peak in the C 1s spectra with an energy that is within the correct range for a carboxylate. 54, 55 Even the increased formation of the carboxyl species can be rationalized in this scheme: the initial dehydrogenation of the surface-bonded ethyl group will lead to formation of bridging oxygen hydroxyls, which can lead to an increased rate of carboxylate formation. Also, intermolecular interactions at higher coverage could play an important role in the increased tendency to form carboxylates.
At this place we would like to reiterate what we have stated in both the Methods and Results sections above, namely, that a fraction of, but clearly not the entire, intensity of the carboxyl P3 peak is likely to be related to a photoinduced reaction, i.e., to beam damage. The data for APTES, a compound with very similar chemistry as that of TEOS, in the Supporting Information make clear that a significant part of the P3 intensity indeed is related to the surface chemistry of TEOS and ethoxides on the TiO 2 (110) surface. As has been stated above, similar peaks are seen in previously reported XP spectra of ethanol adsorbed on the TiO 2 (110) surface obtained on surfaces not irradiated by UV light. 22, 56 However, the peaks have not been discussed any further. The varying intensity of this carboxyl feature could possibly suggest that the conversion rate depends strongly on the exact chemical state of the surface, which can vary quite strongly with crystal manufacturer, between different batches from the same manufacturer, and with the exact surface cleaning protocol.
A significant difference of the present in comparison to these previous studies, as well as that on the adsorption of TEOS on TiO 2 (110) by Gamble et al., 17 who did not observe conversion of surface ethoxy into carboxyl groups, lies in the fact that here TEOS always was readily available for adsorption and readsorption due to either the residual pressure of TEOS or the deliberate exposure to higher pressures. This was not the case in the previously reported experiments, which were carried out in a post mortem fashion. In the particular case of TEOS adsorption on TiO 2 (110), Gamble et al. found a significant difference in fourfold-coordinated Ti-bonded ethoxy groups and those bonded to bridging oxygen vacancies. 53 The latter were significantly more stable and reacted first at around 500 K, while the former desorbed from the surface at temperatures between 250 and 400 K. However, Gamble et al. suggested the Si−O bond breaking mechanism on nearly perfect TiO 2 (110) on the basis of equal peak intensity for P1 and P2, which also holds for C−O dissociation. As in case of C−O dissociation the ethyl bonded to a bridging oxygen will also give the same peak represents the two sixfold-coordinated Ti atoms bonded to a bridging oxygen atom or adjacent to a vacancy, while Ti 6/5f
(2) stands for both kinds of site. The subscript (g) denotes a gas-phase molecule.
The Journal of Physical Chemistry C Article intensity ratio and is also favored with low adsorption energy of 1.36 eV on a perfect surface (Figure 5c ).
It is interesting to see that the carboxyl species with the high binding energy fingerprint in the C 1s spectra is also found in the thick multilayer (cf., Figure 8a , room temperature). This suggests that there exist reaction paths toward the formation of carboxyl species even in the multilayer. Since the rate of beam damage in a thick film of TEOS might differ significantly from that in a thin film, we cannot exclude, however, that the formation of such a carboxyl species in the multilayer is entirely related to beam damage.
SiO 2 Growth by CVD. Turning to the CVD growth probed in TDXPS, it is observed that the carboxyl species is most loosely bound to the surface of all TEOS-derived adsorbates; it desorbs at temperatures below 500 K, while the species related to the P1 and P2 components in the C 1s spectra persist to significantly higher temperatures. Further, it is seen that the P1 and P2 peaks are almost the same after desorption of the carboxyl species and that they follow the same desorption pattern at high temperature ( Figure 14 and Figure S3 in the Supporting Information). This suggests that the molecular species that survives to higher temperatures is an ethoxy or ethyl species, although it remains unclear whether it is Si-or Tibonded, or whether both types occur. The Si 2p intensity decreases roughly by a factor of 2, and hence Si is desorbed from the surface during the temperature run. The remaining Si species form SiO 2 as outlined earlier. The observation of the high binding energy component in the O 1s XP spectra agrees with this hypothesis. 53 The appearance of the AFM images lends further support.
Finally, in the second TD-XPS experiment a shoulder was observed in the O 1s XP spectra intermediate in binding energy between that of the SiO 2 -and that of the TiO 2 -related peak (in the first TD-XPS run no O 1s spectra were recorded. It seems likely that this peak, which occurs at intermediate temperatures, is related to a mixed oxide of titanium and silicon which is in accordance with literature studies. 49, 50, 57 In particular, a systematic study by Sun et al. 49 shows the formation of mixed oxide with different concentration of precursors (titanium isopropoxide for TiO 2 and TEOS for SiO 2 ), which confirms the assignment of the peak intermediate in binding energy in the O 1s spectrum after the second TD-XPS experiment to a mixed oxide of Ti−Si. Its disappearance at high temperature could be due to the migration of into the bulk of the crystal.
V. CONCLUSIONS
In the present work we have studied, using UHV and nearambient XPS and DFT, the adsorption of TEOS on the rutile TiO 2 (110) surface at limited TEOS doses and how the adsorption behavior is modified by the presence of a TEOS gasphase reservoir. We have also studied the CVD growth of silicon oxide on TiO 2 (110) from TEOS using NAPXPS. XPS and DFT provide evidence for the dissociative adsorption of TEOS on the TiO 2 (110) surface at room temperature. The availability of TEOS in the gas phase changes the surface processes significantly and moves the equilibrium of the surface reaction toward the formation of a carboxyl species and away from the simple binding of ethoxy groups. Upon heating, the molecular layer is transformed into SiO 2 in a CVD process, which was followed in real time by NAPXPS as well as in a post mortem AFM experiment. An oxygen species intermediate in O 1s binding energy between the lines due to SiO 2 and TiO 2 is found during the SiO 2 CVD at a temperature of around 600 K. This species is tentatively assigned to a mixed titanium/silicon oxide. The present study shows the potential of NAPXPS for the real-time monitoring of CVD and ALD, which can help in understanding the surface chemistry of these processes and thus eventually lead to improved protocols and a high control of the quality of thin layers grown by CVD and ALD.
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